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Goal: measure QCD matter properties
(EOS, transport coefficients)

collective flow signatures play a crucial role in this



Bass

VISCOUS
——–



Soltz 2+1D viscous hydro + transport WORK IN PROGRESS



Requires several ingredients:

- knowledge of matter properties Huovinen, Prakash, Bass

- initial conditions Venugopalan, Dumitru, Steinberg

- dissipative hydro results and tests

Song, Monnai, Denicol, DM, Teaney, El, Niemi

- corroborating observables, such as conical flow Majumder, Neufeld, Xu



Matter properties



Phenomenological EoS
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Huovinen lattice 2009 + hadron resonance gas



Interaction measure
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• For the 95% sSB limit we get

T0 = 171.8 MeV, d2 = 0.2654, d4 = 6.563 · 10
−3,

c1 = −4.370 · 10
−5, c2 = 5.774 · 10

−6, n1 = 8, n2 = 9
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Huovinen tweak to observe Steffan-Boltzmann limit



Speed of sound
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• no softening below the HRG!
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Huovinen



Relaxation times for mixtures

Note: The ratio of nucleon to kaon relaxation times is nearly unity at

T = 200MeV, whereas at T = 100MeV, the ratio is nearlymN/mK .
20/21

Prakash relaxation times for binary mixture



Results for binary mixtures

16/21

Prakash transport coeffs for binary mixture

Results for multicomponent systems, and inelastic interactions are coming.



Bass

Would be nice to compare with Prakash et al...



Initial conditions



  

Matching Glasma dynamics to Hydro

Classical field

Classical field

 / Particle Particle

f < 1

� Current matching of LO Glasma YM computations 

    to hydro - “CGC initial conditions”-

    assumes instantaneous thermalization

� But T
µν

 is far out of equilibrium in LO 

    computations

� No computations to date fully take into 

    account NLO contributions that are as large 

    as LO and should be resummed…

eccentricity

Venugopalan

pz ∼ 0



  

Rapid isotropization in the Glasma

Resum - extend range of YM-dynamics

“Holy Grail” 
Spectrum of 
small fluctuations

Fukushima,Gelis,McLerran (2006)

Gelis,Lappi,RV (2008)

Can also compute event by event 

initial conditions to  

estimate flow fluctuations:

Similar in spirit to the event by event 

hydro code

NeXSPheRIO = NeXus + SPheRIO  
Grassi et al., arXiv:0912.0703

Venugopalan



Dumitru factorized KLN



Dumitru treatment of edge changes eccentricity



Steinberg



Steinberg



Steinberg



Viscous hydrodynamics and bulk viscosity



QGPHRG

bulk viscosity and relaxation time  

Bulk viscosity:  

  Relaxation times:             also peaks near Tc,  ζτ ~Π

 N-S initialization:                        )(0 u⋅∂−=Π ζ

Π

s/ζviscous hydro breaks down  (               ) for larger    0<Π+p

viscous hydro is only valid  with small                  small bulk viscous effects on V2 

large       near  Tc             keeps large negative value of      in phase transition region Πτ

this plays an important role for bulk viscous dynamics

s/ζ

Song



Uncertainties from bulk viscosity 
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N-S initialization Zero initialization

-with a critical slowing down      ,  effects from bulk viscosity effects are much 
smaller than from shear viscosity  

Πτ

bulk viscosity influences V2  ~5%  (N-S initial.)     <4%  (zero initial.) 

Song & Heinz, 0909

s/ηuncertainties to         ~20%  (N-S initial.)    <15%  (zero initial.)    

   

fm/c120)/( ⋅= sζτ π

s/ζ s/ζ

Song



Extracting       from RHIC data 
--the current status of viscous hydrodynamics

s/η

Glauber CGC

Luzum & Romatschke, PRC 2008 

-initial conditions:  CGC vs. Glauber ~100%

-EoS:  EOS Q,  vs. EOS L ~25%

-chemical composition of HRG : (PEC vs. CE) ~100%

-viscosity of HRG (or equil. HRG vs. non-equil.  HRG) : ~100-150%

-bulk viscosity: ~20%

(uncertainties in         )s/η

 conservative upper limit: 
)41(5/ πη ×≤s

   recent progress:  Heinz et al. 0907 

  

-To further decrease the uncertainties from bulk viscosity, (or to extract both shear & 

bulk viscosity from exp. data), one need more sensitive exp. observables 

Song



May be worse, I think
Little difference between lattice EOS parameterization and a hadron gas!

Huovinen, NPA761, 296

(’05)

Q: bag model

qp: lattice fit
(Tc = 170 MeV)

H: hadron gas

T: interpolated ε(T )
between hadron gas
and ε ∝ T 4 plasma



Viscous freezeout - “Delta f”



Monnai



Monnai estimate based on IDEAL hydro flow fields



Denicol hydro from kinetic theory for multicomponent system



Denicol

MORE variables!



in general - for one-component massless gas, with viscous shear only

δf ≡ feq × C(χ) πµν pµpν

T 2
χ(

p

T
)

from Grad’s ansatz: χ ≡ 1

this was a starting point in deriving IS hydro from kinetic theory

from linear response: χ(x) ∼ xα with −1 <
∼ α <

∼ 0 Dusling, Teaney, Moore, (’09)

δf blows up at large momenta ⇒ approximation breaks down

transport can tell how far in momenta we can trust these...



ratio - transport spectra / Grad approximation η/s ∼ 0.08

DM (’09):
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Phenomenological Summary pure glue, η/s = 0.08, efrz = 0.6 GeV/fm
3

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0  0.5  1  1.5  2  2.5  3  3.5  4

v
2
 (

p
T
)

pT [GeV]

Ideal

Linear

Quadratic

Pure Glue

pQCD is closer to a linear (τR = const) rather than a quadratic ansatz

Teaney

Teaney

how high in pT can one trust this? (no jets)



Scaling
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Perhaps quark number scaling is simply Relaxation Time Scaling (RTS)

Teaney

Teaney σB/σM ≈ 1.5 works - just like additive quark model for Bleicher

et al..

τM,B ∝ 1/σM,B



Tang (STAR)



closed - really?

simple scaling formulas do not follow from a dynamical coalescence approach
Chen & Ko, PRC73 (’06)



Viscous hydro revisions



El a rather heuristic “derivation”



El but looks promising - does it work in general?



Outline
Introduction

Riemann problem: Perfect fluid solution
Solutions with shock wave

Summary

Riemann problem
smoothed Riemann problem
smoothed Riemann problem: shock front
smoothed Riemann problem: Heat flow

smoothed Riemann problem: Heat flow η/s = 0.2 t = 3.0 fm
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Harri Niemi Precisision tests of Israel-Stewart hydrodynamics

Niemi Israel-Stewart fails for heat flow...



Outline
Introduction

Riemann problem: Perfect fluid solution
Solutions with shock wave

Summary

Boltzmann equation
Israel-Stewart equations from the kinetic theory
Israel-Stewart equations in 1+1 dimensions

Israel-Stewart equations from the kinetic theory (Π = 0)
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◮ All terms from the framework of Israel and Stewart included

◮ Equations without red terms refered as ’reduced’ IS equation

◮ Not yet complete IS (would need O(ε2) in f (x , p))

Harri Niemi Precisision tests of Israel-Stewart hydrodynamics

Niemi - maybe Israel-Stewart is not the right theory?



Zhe Xu
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3. Mach Cone Formation

interactions:  2 −> 2 with isotropic distribution of the collision angle

Xu from parton transport BAMPS



Zhe Xu

by I. Bouras, F. Lauciello et al. 

3. Mach Cone Formation

local energy density

Xu from parton transport BAMPS



very similar to results from MPC DM, arXiv:0908.0299

energy density momentum density
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(isotropic 2 → 2 transport, dE/dx = 68 GeV/fm, λMFP = 0.125 fm, T = 0.385 GeV,

v = 0.9)



Zhe Xu

3. Mach Cone Formation

viscous effect: enlarge the mach angle

Comparisons with viscous hydro calculations will follow.

Xu sensitive to viscosity



Majumder construct more realistic source



Majumder



Majumder
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Compare the emission spectrum for:

And different forms for dE/dt:

‘Drop’
‘Sqrt’
‘Flat’

In each case, the 
total energy 

deposited is 20 GeV, 
but each shape is  

motivated by   
different physics

Neufeld very similar study
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The spectrum for lambda = 0, eta/s = 0.05
Neufeld “crescendo” gives strongest signal

qualitatively similar

even though
√

t growth
does not agree with
Majumder’s result...



Summary

Progress on several fronts:

- matter properties (EOS, hadron gas transport coeffs)

- initial conditions (fluctuations)

- viscous hydro (results for bulk viscosity, tests of Israel-Stewart, revised formulations)

- viscous freezeout, mixtures

- Mach cones

Still more work remains...

stay tuned for exciting new results at the next CATHIE-TECHQM meeting

most likely sometime Fall 2010


